Molecular Interactions in g-Lactoglobulin.

IV. The Dissociation of B-Lactoglobulin

below pH 3.5? ’

Ultracentrifugal and light scattering studies have been carried out on g-lactoglobulin between pH 1.6 and 5.0. Below
pH 3.5, B-lactoglobulin undergoes a reversgble dissociation due to non-specific’ electrostatic repulsion between sub-units
of 18,000 molecular weight. These sub-units are nearly identical and correspond to the two polypeptide chains of this

protein.

Introduction

' The génerally accepted value of the molecular
weight of 8-lactoglobulin is 35,000-36,000. Meas-
urements reported in the literature by the tech-
niques’ of osmotic pressure,* X-ray diffraction,’
sedimentation—diffusion® and light scattering’ agree
on a value close to 35,500. In the course of a
thorough‘study of the association properttes of this
protein as a function of pH, it has been found that
the state of aggregation of its dispersed units is
strongly dependent on pH. In the previous two
papers®? it has been shown that in the pH region
(5.2-3.7) immediately below its isoelectric point
(5.2-5.3), part of B-lactoglobulin undergoes a re-
versible tetramerization at temperatures close to
zero. If the pH is decreased still further to below
3.5, this protein has been found to undergo another
reaction, 9.1 in this case a dissociation into smaller
molecular. sub-units. It is the purpose of this
paper to present the detailed light scattering and
ultracentrifugal studies of the nature and stoichi-
ometry of this dissociation.

- Experimental

Materials —The protein used in this study was a B-lacto-
globulin prepared from pooled milk and referred to as “‘Prep
1I’’:in the previous papers.5912 .

Methods.—Most ultracentrifuge experiments were car-
ried out on a Spinco Model E'3 analytical ultracentrifuge at
59,780 r.p.m., equipped with a phase plate and a tempera-
ture control unit. Some low concentration runs were car-
ried out at 50,740 r.p.m. in the B rotor with a cell thick-
ness of 30 mm. Sedimentation constants were measured
with a microcomparator. Archibald sedimentation runs'*
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were carried out according to the method of Brown,%18
the data being analyzed from enlarged projected tracings of
the patterns. The total protein concentration was obtained
from the area under the pattern formed in a synthetic
boundary cell.’»18 In all cases, the proper dilution correc-
tion!? was applied to the patterns, segment by segment.

Light scattering measurements were carried out on the
Brice photometer? at 436 mu using 2 mm. slit optics. Solu-
tions were clarified by filtration in an ultrafine sintered glass
filter of special design.?-22 All measurements were per-
formed in 1 cm. square (3 ml.) cells starting with pure solvent
and slowly adding increments of concentrated stock solu-
tion, according to the Dintzis technique.® .

Protein solutions were prepared by dissolving three times
recrystallized B-lactoglobulin in a 0.1 ionic strength solution
of NaCl and adjusting the pH to the desired value with 0.1
MHClor NaOH. This solution was then dialyzed against
a 0.1 ionic strength NaCl-HCl or NaCl-NaOH solution of
identical pH. Concentrations were measured by ultraviolet
absorption at 278 my, using a value of 0.96 1./cm.g. for the
absorptivity.# Stock solution concentrations were 80-100
g./1. The value of the refractive index increment used was
0.1890:7  All pH’s were measured on a Beckman Model G
pH meter? at 25°.

Results

The dependence of the sedimentation constant
on pH at 25° for solutions of B-lactoglobulin (9-12
g./1.) is shown in Fig. 1. It can be seen that while
values of the sedimentation constant are normal®
(2.9 S) in the isoelectric region, at pH’s near 4
;0w Starts to drop until at pH 2.0, it has reached
a value of ca. 2.3 S. Further decrease in pH
appears to result in no additional change.

‘The concentration dependences of the sedi-
mentation constants at pH'’s 5.2, 3.5 and 1.6 are
shown in Fig. 2. At pH 5.2, the dependence is of
the usual type, having a slight negative slope.
The best straight line through the points follows
the equation |
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Fig. 1.—pH dependence of sg,w of B-lacto-globulin; 9-12
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Fig. 2.—Concentration dependence of sy,w of B-lacto-
globulin at various pH’s. Dashed line, calculated according
to Gilbert theory for pH 1.6 from light scattering data.

under conditions where neither aggregation nor dis-
sociation occurs. At pH 3.5 the negative slope is
steeper and seems to extrapolate to around 2.9 S.
At pH 1.6 the situation is much more complicated.
As the concentration decreases from 20 g./l.,
Sa0,w first increases, passes through a maximum at
5—10 g./1. and then decreases again, tending
toward a value of near 1.9 S at zero concentration.

A pH dependence of the sedimentation constant
such as shown in Fig. 1 can be due to one of two
causes or a combination of the two. First, this
could be due to a change in the shape of the protein
molecule resulting in an increase in the frictional
coefficient, as has been found with serum al-
bumin,®=% which is known to “‘expand” at low
pH’s.?% The other possibility is that the
molecule dissociates into smaller kinetic units at
lower pH, which would also lead to a decrease in
sedimentation constant in accordance with the
Svedberg equation??

s = M1 = Vp)
f

(2)

where M is the molecular weight of the protein,
V is its partial specific volume, p is the solvent
density and f is the frictional coefficient. Either
an increase in f or a decrease in M would produce
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Fig. 3.—Arcﬁiba1d sedimentation data of g-lactoglobulin at
pH 2.0, 25°.

the effect observed in Fig. 1. A similar effect would
be also observed with any increase in 7, which could
also reflect a molecular expansion of a type in which
solvent is excluded from the expanded structure.
It would be expected that in the case of a molecular
expansion the sedimentation constant would ex-
trapolate to a low value but that its concentration
dependence would be of the normal type, z.e.,
decreasing monotonically with increasing con-
centration. It might be possible, however, to
obtain a dependence such as found at pH 1.6 in
the case of a flexible polyelectrolyte, where chain
flexibility and degree of coiling can be highly
concentration dependent as a result of a high
charge density on the molecule. At pH 1.6, a
B-lactoglobulin molecule 35,500 in molecular weight
has a net average charge of +39.31.32

Expansion of a protein molecule results in an
increase in its intrinsic viscosity.?®.® B-Lacto-
globulin was found in the present study to have
identical intrinsic viscosity values of 0.029 at pH
2.0 and 5.2, while optical rotation measurements
gave values of ap of —28.0 and —28.9 for these two
pH’s. These are strong indications against any
gross shape differences at the two pH’s. Likewise,
Tanford? has found essentially no change in intrin-
sic viscosity over the entire pH range studied in
this paper. In view of the above, it seems quite
likely that the curve of Fig. 1 at pH 1.6 indicates
a dissociation. :

In order to establish the degree of dissociation
Archibald sedimentation experiments were carried
out at pH’s between 1.6 and 2.1. The data were
analyzed in the cases where the concentration of
residual protein at the upper meniscus had become
very low, so that the protein would be essentially
dissociated. Extrapolation of the data to the
upper meniscus at different times in the course of
a run is shown in Fig. 3 for a run at pH 2.0. . Since
the value of 1/cx dc/dx (where ¢ is the protein con-
centration and x is the distance from the center of ro-
tation) extrapolated to the meniscus is proportional
to the molecular weight, the plots of Fig. 3 demon-
strate that the molecular weight of this protein
decreases with an increase in the length of the run
and, therefore, with a decrease in concentration.
Values of the molecular weights obtained in this
manner at various pH’s and concentrations!®
tend toward 17,000-18,000 as the concentration
approaches zero. This indicates that at low pH’s
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Fig. 4.—Light scattering data of B-lactoglobulin in acid
pH. 0.1 ionic strength NaCl—HCl, 25°. Dashed lines repre-
sent best curve's’d;a@l through points at intermediate pH’s.
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Fig. 5.—Light scattering data of g-lactoglobulin in acid
pH. 0.1 ionic strength NaCI-HCl, 25°. -Dashed lines
represent best curves drawn throtigh points at intermediate
pH’s. S . i

ﬂ-lactoglobulin -undergoes ‘a reversible dissociation
into ‘units which are half of the isoelectric kinetic
unit. '

+ The fact that in a dissociating system only a
single peak. is present in the ultracentrifuge is fur-

ther strong evidence for the presence of a mono- .

mer—dimer equilibrium, as has been demonstrated
by Gilbert.%* '

Studies on the reversibility of this reaction
showed that the dissociation is rapidly and fully
reversible. Samples which had been exposed to
pH 2 could be readily crystallized and their
electrophoretic and ultracentrifugal patterns at
pH 4.6 and 5.2 did not differ from those of the
original protein. , o

In order to characterize the thermodynamics of
this dissociation, a light scattering study was car-
ried out between pH 1.6 and 5.0, as a function of
pH, ionic strength and dielectric constant. The
results are presented in Figs. 4, 5 and 6. At pH’s
1.6-3.5 (Figs. 4 and 5) the function HC,/Ar
first decreases with a.decrease in concentration,
then, after passing through a minimum at 3-5 g./1,,
starts to increase. At pH 3.5, this effect is very
weak, while above pH 4.0, it disappears and. the
data seem to fall on straight lines which extrapolate
to molecular weight values in the vicinity of 37,000.
At pH 4.0 the slope is weakly positive and at pH
4.5 and . 5.0, weakly negative..

The data obtained at pH 2.75 as a function of
ionic . strength and dielectric constant (Fig. 6)
present a similar pattern. The points at the ionic
strength of 0.03 pass through a minimum at 4 g./1.
but do not deviate strongly from the extrapolated
value over the concentration range studied, indi-
cating a very strong dissociation. Data at /2 =
0.1 behave in a similar way but the points lie in

(34) G. A. Gilbert, Discussions Faraday Soc., No. 2, 68 (1955).
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Fig. 6.——Li§hﬁ scattering data of B-lactoglobulin at pH
2.7,asa functiQn of ionic strength and dielectric constant.
Dashed lines are calculated from equilibrium constants.

general at much lower values of HC,/Ar. At
T/2 = 0.3, the data seem to fall on a horizontal
straight line corresponding closely to the isoelectric
value of the molecular weight. Data obtained in
the presence of 309, methanol (to decrease the
dielectric constant of the medium to 69) decrease
monotonically with increasing concentration. The
low concentration values can be extrapolated to
a miolecular weight value of 18,000.

GRAMS/LITER

Discussion

These data indicate that g-lactoglobulin dis-
sociates at pH’s below 3.5, the dissociation being
enhanced by decrease in pH. The light scattering
curves'seem to tend toward an extrapolated molecu-
lar weight of 18,000 suggesting that the dissocia-
tion results in| half-molecules at low pH. - The re-
sults of the Archibald sedimentation analysis
establish this quite conclusively. One should also
note that Bull® has reported a molecular weight of
17,000 from surface films spread over ammonium
sulfate. s '

Equilibrium constants were calculated from the
light scattering data for the reaction L & 2L
using methods described in the previous paper.®
At any given protein concentration, C; (g./1),
in a dimerizing system, the light scattering data are
related to the equilibrium dissociation constant
Kq4, by

rS&-Lntemal+

Ar My
_ 26 (2My, — M)
My My — My

where My, is the molecular weight of the species
with a molecular weight equal to half of the iso-
electric value and My is the weight average molecu-
lar weight of the protein system at the given pro-
tein concentration. ‘

Using equation 3, equilibrium constants were
calculated from the light scattering data below a
concentration of 2 g./1. ‘At such a concentration,
the product 2B,C; should be very small and in most
cases can be set equal to zero without any significant
error. Using, the values of the equilibrium con-
stants obtained below 2 g./l., weight-average
molecular weights were calculated for various pro-
tein concentrations over the entire range covered

(35) H. B. Bull, THIS JOURNAL, 68, 745 (1946).
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Fig. 7.—Analysis of light scattering data of g-lactoglobulin
in acid pH. Dashed lines are calculated from equilibrium
constants. Solid lines are sum of dashed lines with (2B,/
Mi,)Cy. pH’s and values of equilibrium constants are
indicated on each curve.

in the experiment. The reciprocals of these values
are shown by the dashed lines of Fig. 7, for pH 1.6,
3.0 and 3.5. The difference between values on
the dashed line and the individual experimental
points is equal to 2B,C;/M:, from which the
second virial coefficient 2By/ M/, can be obtained.
Since this is a constant independent of concentra-
tion, the criterion chosen for proper analysis of the
data was the calculation of a constant value of
2Bo/ My, over the entire concentration range.
The solid lines of Fig. 7 were obtained by multiply-
ing the average value of 2B,/M,, by the protein
concentration and adding the product to the dashed
lines. Comparison with the experimental points
(Fig. 7, open and filled circles) shows that the values
of the equilibrium constants cannot be far wrong.
Data obtained at pH 2.7 as a function of ionic
strength and dielectric constant were analyzed in
the same manner. The resulting values of 2By/ M,
at various conditions are listed in Tables I and II.

TaBLE T
Di1ssocIATION OF 8-LACTOGLOBULIN AT Low pH's, I'/2 = 0.1
A(AFe) 2Bo/Ms2
pH AFo (kcal./mole) —AFa (1./g.)
1.6 4.9%+0.1 —14.1 19.0 12.3 X 1077
2.0 4.9+ .1 —13.6 18.5 7.5 X 1077
2.5 5.5+ .2 —10.8 16.3 5.0 X 1077
2.7 5.7 % .1 — 9.6 15.3 4.6 X107
3.0 5.8+ .1 - 7.9 13.7 4.1 X107
3.5 7.3+ .2 — 4.8 12.1 3.2 X 1077
TaBLE 11
DISSOCIATION OF 8-LACTOGLOBULIN AT pH 2.7
A(AFe) - 2Bo/M1/2
r/2 AF  (kcal./mole) —AFa (./g.)
0.03 83.9£0.1° —17.0 20.9 11.6X 10~
.10 574+ 1 —96 153  4.6X 10~
.30 83+ .2 - 7.9 16.2 ~0.0
0% 5.0+ 1 —11.2  16.2 ~0.0

* In 309, methanol, D = 69,

The magnitudes of the second virial coefficients
at various pH’s are reasonable and similar to those
of other proteins at like conditions of charge density
and ionic strength.!.?%.3% The increasingly posi-
tive values of the slopes with decreasing pH reflect

(36) J. T. Edsall, H. Edelhoch, R. Lontie and P. R. Morrison, THis
JoorNaL, 72, 4641 (1950).

the increasing charge on the protein molecules and
the resulting electrostatic repulsion.

The validity of this analysis of the light scat-
tering data was further checked by calculating the
concentration dependence of syw at pH 1.6 from
the light scattering equilibrium constant with the
help of the Gilbert theory.’* The calculations
were done with equations 3 and 5 of the previous
paper,® using # = 2, sa = 3.04 X 10713, sm =
1.90 X 10~!% and remembering that

Ko = Kg My*~1/n (4

The dashed line in Fig. 2 represents the curve
calculated for pH 1.6. The difference between
this curve and the experimental points represents
the usual negative concentration dependence which
in this case is superimposed on the dissociation.
This difference is proportional to the concentration
above 5 g./1.,, and, at the lower concentrations, the
proportionality still holds if a 5%, error is allowed
in the determination of the sedimentation con-
stants.

Values of the free energy of dissociation, AF°®,
calculated from the equilibritim constants are listed
in Tables I and II. The increase of AF°® with
increasing pH and ionic strength and its decrease
with a-decrease in dielectric constant point very
strongly to the action of electrostatic forces in this
dissociation. The identity of AF° at pH’s 1.6
and 2.0 further supports this, since in that pH range
the charge on the molecule remains essentially
unchanged. 32 v

The molar electrostatic free energy of a spherical
protein molecule with uniform charge distribution

.is given by the Linderstr¢m-Lang equation®

AFe

]\782222 1 K

T 2D [5“1+«a:|‘ )
where N _is Avogadro’s number, ¢ is the electronic
charge, Z, is the net average charge on the mole-
cule, D is the dielectric constant of the medium,
b is the radius of the protein molecule, « is the
Debye-Hiickel screening factor and a is the radius
of exclusion of small ions. For a dissociation re-
action, the change in electrostatic free energy,
A(AF?), is given by the difference between AF¢4
of the dissociated species times the number of
particles # formed from one aggregate and AF¢,
of the aggregated species

A(AF) = nAFeq — AFe, (6)

Calculation of A(AF¢) for the splitting of 8-
lactoglobulin (z = 2) according to equations 5 and
6 has resulted in the values given in column 3 of
Tables I and II. The amount of energy necessary
to overcome the attractive force holding the two
half molecules together is the difference between
the free energy of dissociation and the change in
the electrostatic free emergy during dissociation.
Values of the free energy of attraction, AF®, are
given in column 4 of Tables I and II. They are
on the order of —12to —19kcal./mole. The trend
with pH, if real, might reflect a molecular re-
arrangement accompanying dissociation. These
values are of course highly approximate as a
result of the inherent errors in the analysis of the

(37) K. Linderstrgm-Lang, Compt. rend. trav. lab. Carlsberg, 15, No.
7 (1924).



light scattering data and the nature of the calcula-
tions of AF¢, in which it was assumed that binding
of ions other than hydrogen and hydroxyl does not
occur. Furthermore, a charge distribution other
than the uniform one implicit in eq. 5 could result
in serious changes in the values.®® The magni-
tude of the free energy of attraction seems reason-
able and could be accounted for by the presence
of hydrophobic bonds. Preliminary - solubility
measurements of B-lactoglobulin in dimethylform-
amide are compatible with the concept that on

dissociation of this protein a hydrophobic surface -

becomes exposed to the surrounding medium.

Comparison of the sedimentation constants of
the isoelectric and dissociated species at infinite
dilution (3.04 and 1.90 .S) with their molecular
weights (36,000 and 18,000) gives frictional co-
efficient ratios, f/f,, of 1.20 and 1.16, respectively.
If the hydration of B-lactoglobulin is taken to be
409%,,%.9 the axial ratios, a/b, for prolate ellipsoids
of revolution are then 2.0:1 and 1.1:1, respectively.
This is in excellent agreement with the X-ray
data of Green and Aschaffenburg,** who found
that both genetic species of p-lactoglobulin®®
are composed of nearly spherical sub-units of 18,000
molecular weight which are associated into a double
molecule of axial ratio 2:1. Their suggestion that
a deviation from spherical of the subunit (35.8 A.
in diameter) by 2.3 A. in one direction would
make the molecular packing more reasonable yields
a monomer (18,000) molecule with an axial ratio
of 1.1:1.

From these data it seems reasonable to suggest
that the isoelectric molecule of each type of B-
lactoglobulin is made up of two nearly identical
halves of ca. 18,000 molecular weight. Further
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strongly suggestive evidence of this is Tanford’s

finding that the two genetic species differ by two

carboxyl groups per 35,500 molecular weight
(B-A having two more than $-B),*® while in all
other respects the two proteins seemi to be identical.
Examining further the chemical properties of the
35,500 units, it is found that all ionizable groups are
present in even numbers,?? there are two abnormal
carboxyl groups,**%# the molecule seems to be
made up of two chains with identical end groups
(two N-terminal leucine residues,* two C-terminal
isoleucine residues?); there are two available
sulfhydryls®#; the protein also interacts stoichio-
metrically with two molecules of sodium dodecyl
sulfate,?® two of n-octylbenzene-p-sulfonate®® and
two ions of cadmium. !

The finding of Tanford and co-workers?® that
B-lactoglobulin A has two more carboxyls than 8-
lactoglobulin. B per 36,000 molecular weight
suggests that the electrostatic free energy change in
the dissociation should be slightly different for the
two genetic species. This would result in a small
difference between the free energies of dissociation
of the two species. In that event the equilibrium
constants reported in Tables I and II would be
average values. However, these should not differ
greatly from the individual constants of the two 8-
lactoglobulins. Work is presently in progress to
ascertain whether any differences can be detected
between the participation of the two genetic

species*? in this reaction.
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